Neisseria spp. in the human host. In this study we describe the mechanism by which OxyR finely 3 regulates the catalase gene (kat) in N. meningitidis. Detailed transcriptional analyses show that 4 catalase is transcribed from a single promoter which is induced by H 2 O 2 in an OxyR-dependent 5 manner and two key cysteine residues are essential for this. OxyR also represses the kat promoter: 6 kat expression in the null mutant is at a constitutive intermediary level higher than un-induced, but 7 lower than H 2 O 2 -induced levels in the wild type. 8 Our data are consistent with a model in which OxyR binds to the kat promoter and exerts (1) 9 repression of transcription in the absence of OS signal, possibly by occluding an UP-element in the 10 promoter, and (2) activation of the promoter in response to OS signal. This direct double-edged 11 mechanism may ensure tight regulatory control and catalase is synthesized only when needed. In Hattman, 1996; Kullik et al., 1995) . Furthermore, by asymmetrically repositioning its contacts, 7 OxyR can also impose opposite regulatory effects on a divergent promoter and thus function as a 8 repressor of oxyR and an activator of oxyS from the same binding site (Toledano et al., 1994) . 9 Studies of the pathogenic Neisseria suggest that their response to oxidative damage is 10 fundamentally different from that of E. coli. In the pathogenic Neisseria spp., transcription of the 11 catalase gene is induced in response to H 2 O 2 (Stohl et al., 2005 , Griffantini et al., 2004 . However, 12 it was found that in N. gonorrhoeae an oxyR mutant strain has considerably higher levels of catalase 13 expression and is significantly more resistant to H 2 O 2 killing than is the wild type (Tseng et al., 14 2003). Indeed, the authors show that the oxyR mutant has fourfold-higher catalase activity than the 15 maximally induced wild type levels and as such they conclude that catalase expression is repressed 16 by OxyR and is induced by H 2 O 2 via OxyR derepression. This is distinct from the situation in E. 17 coli and Salmonella enterica serovar Typhimurium, in which OxyR is a positive regulator of H 2 O 2 18 inducible genes and in which increased sensitivity to hydrogen peroxide is seen in oxyR mutants The catalase (kat) gene in Neisseria meningitis maps upstream and divergently oriented from the 10 rpoN gene encoding for the alternative sigma factor 54 ( Fig. 1) . In order to begin to study the 11 transcriptional regulation of the kat gene, we first performed experiments to map the transcriptional 12 start site and locate the promoter(s). Total RNA was prepared from a logarithmic phase culture of 13 the wild type MC58 strain either untreated or treated with 150 µM H 2 O 2 for 12 min, and primer 14 extension with a kat-specific primer was carried out. The results of the primer extension analysis 15 ( Fig. 2A) show two major elongated primer products (B 1 and B 2 ) in the sample treated with H 2 O 2 at 16 positions corresponding to 143 and 32 nucleotides from the ATG start codon of the kat gene, 17 respectively. A similar result was obtained by S1 nuclease protection assays with a radioactive kat-18 specific probe (data not shown), suggesting that these bands represent in vivo 5' ends of the kat F o r P e e r R e v i e w 6 We performed a time course experiment exposing the MC58 wild type cells to different quantities 1 of H 2 O 2 for increasing times and monitored the steady state levels of the transcripts from the major 2 5' ends P kat and B 2 , by primer extension. Fig. 2B shows the results of urea-acrylamide gel 3 electrophoresis, which are also represented in graphical form. From these results we see that there is 4 a very fast H 2 O 2 concentration-dependent induction of the P kat transcript which does not accumulate 5 within the cell but has a very rapid turnover. Instead the B 2 transcript shows strong induction at all 6 concentrations of H 2 O 2 with maximum levels reached in response to 135 µM H 2 O 2 , at which 7 concentration the transcript also shows maximum accumulation over the 30 min of sampling. In 8 general at B 2 there is overall higher induction levels with slower turnover than that of P kat . 9 Therefore, it would appear that the induction and accumulation of these two major transcripts are 10 regulated differentially in response to H 2 O 2 in the cell. Since we are measuring the steady state 11 levels of mRNA in the cell, this regulation may be a function of transcriptional initiation or RNA 12 turnover, or both. Furthermore, the total kat transcript, B 1 and B 2 (Fig. 2B ), seems to be higher in 13 cells exposed to 135 µM compared to cells exposed to 405 µM, suggesting that 135 µM is the 14 optimum concentration to allow maximum catalase induction under these experimental conditions. 15 In order to determine if the major transcripts P kat and B 2 result from initiation at differentially 16 regulated promoters, we generated a kat promoter transcriptional fusion to the promoterless gfp 17 gene (kat::gfp), and also a mutant promoter fusion in which the -10 hexamer (TATAGT) of the P kat 18 putative promoter was deleted (k-10::gfp) as described in the Experimental procedures section. Furthermore, in some instances N. meningitidis can traverse the mucosal barrier into the blood 4 stream and cause invasive septicemia and meningitis disease passing through various niches with 5 different levels of environmental oxygen availability and reactivity. Therefore, the ability to 6 orchestrate such a tight control on the production of the catalase enzyme in N. meningitidis is 7 essential to sustain resistance to the fluctuating levels of H 2 O 2 encountered in vivo. 8 In this study we clarify a discrepancy currently thought to exist between the role of OxyR as an 9 activator of the oxidative stress response and its reported role as repressor of the kat gene in OxyR from other systems has been shown to exhibit similar dual regulation at one promoter. In (Fig. 6D) . Both natural and synthetic binding sites were seen to diverge from the E. catalase promoters. In the absence of its respective activator protein, the E. coli katG promoter is 1 essentially off, whereas the neisserial promoter is constitutively active due to the dual action of the 2 A/T rich OxyR binding site as probable UP element (Fig. 6D) . 3 In the OxyR mutant, the constitutive activity of the catalase promoter in the absence of elevated 4 levels of H 2 O 2 is likely to be the main reason for the H 2 O 2 resistant phenotype observed in the 5 killing assay. Indeed, we correlate the ability to repress the kat promoter to a H 2 O 2 sensitive 6 phenotype in the site-directed OxyR mutant analyses (Fig. 4) . We believe that while at low 7 concentration of H 2 O 2 wild type cells are able to induce the catalase promoter to a higher level than 8 the oxyR mutant ( Fig. 2B and Fig. 3 ), at high concentration of H 2 O 2 (like those used in the killing 9 assay) the cell homeostasis may be rapidly impaired, hindering also the synthesis of new catalase. (Fig. 3) terminal histidine tag (His-tag), was induced by the addition of 1 mM IPTG, and the protein was 6 purified by Ni-NTA (Qiagen) affinity chromatography under non-denaturing conditions according 7 to the manufacturers' instructions. Protein concentrations of the OxyR protein was determined by 8 the Bradford colorimetric method (Bio-Rad). We also expressed and purified other recombinant 9 forms of the protein including a C-terminal His-tagged form and a GST-fusion form, however, 10 neither of these proteins showed any DNA binding activity towards the kat promoter in in vitro 11 binding experiments. Furthermore, the His-OxyR recombinant protein used in the current study 12 exhibited a transient unstable DNA-binding activity, which was lost when stored at 4° or at -20ºC 13 overnight. Therefore, the OxyR protein was purified from small scale induction cultures and was 14 used immediately in binding reactions. To prepare anti-OxyR antiserum, 20 µg of purified protein 15 was used to immunize 6-week-old CD1 female mice (Charles River Laboratories), and four mice 16 were used. The protein was given intraperitoneally, together with complete Freund's adjuvant for 17 the first dose and incomplete Freund's adjuvant for the second (day 21) and third (day 35) booster 18 doses. Bleed-out samples were taken on day 49 and used in Western blot analysis. was named 173 (Table 1) .
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In order to complement the oxyR null mutant, the oxyR wild type gene or oxyR mutated genes, were Methods) which was run in parallel for correct mapping of the bands. 
